In the supersymmetry (SUSY) models, because the mass difference between the left-and right-top squarks, the supersymmetric QCD interactions can generate parity violating effect in the tt pairs. We show that the SUSY QCD radiative corrections to the parity nonconservative asymmetry in the production rates of the left-and right-handed top quarks via the qq → tt process can reach about 3% at the Fermilab Tevatron with √ s = 2 TeV, which could possibly be observable with an integrated luminosity larger than 2 fb −1 . We also show that the SUSY QCD radiative corrections to the tt production rate is small unless gluino is very light, of the order of GeV.
Introduction
In a recent paper [1] , we studied the parity nonconservative asymmetry induced from the genuine supersymmetric electroweak (SUSY EW) and Yukawa (SUSY Yukawa) corrections at the one loop level. Two classes of supersymmetry (SUSY) models were considered, where are the minimal supergravity (mSUGRA) models [2] and the minimal supersymmetric models (MSSM) with scenarios motivated by current data [3, 4] . After sampling a range of values of SUSY parameters in the region that might give large contributions to the parityviolating asymmetry A, and which are also consistent with either of the above two classes of models, we found that the asymmetry A due to the one-loop SUSY EW (αm 2 t /m 2 W ) and SUSY Yukawa corrections for the production process→ g → tt at the upgraded Tevatron is generally small, less than a couple of percents in magnitude, though it can be either positive or negative depending on the values of the SUSY parameters. (The effect from the Standard Model (SM) weak corrections to this asymmetry is typically less than a fraction of percent [5, 6] .)
In the supersymmetric Standard Model, the superparticles not only experience the electroweak interaction but also the strong interaction. Although the SM QCD interaction respects the discrete symmetries of C (charge conjugation) and P (parity), the SUSY QCD interactions for superparticles, in their mass eigenstates, need not to be. (Needless to say, in the strong eigenstates, the SUSY QCD interaction is C-and P-invariant.) For either the mSUGRA or the MSSM models, the masses of the left-stop (the supersymmetric partner of the left-handed top quark) and the right-stop (the supersymmetric partner of the righthanded top quark) are noticeably different due to the large mass of the top quark. This is a general feature of the supersymmetry models in which the electroweak symmetry is broken spontaneously via radiative corrections. Since both the left-stop and the right-stop contribute to the loop corrections for the tt pair production process qq, gg → tt, the different masses of the top-squarks will induce a parity nonconservative asymmetry. It is this effect that we shall study in this paper. Because the tt pairs are produced predominantly via the QCD process→ tt at the Tevatron (a pp collider with CM energy √ s = 2 TeV),
are the soft SUSY-breaking mass terms for left-and right-handed sbottoms, respectively, and m
Similarly, we will neglect the mixing in the other light squarks. For simplicity, we shall assume the masses of all the light squarks (the superpartners of the first and the second family quarks) are degenerate. Because of the mass degeneracy, they will not induce any parity nonconservative asymmetry via QCD interactions.
II. Renormalized amplitudes and the asymmetry
Some of the one loop scattering amplitudes of→ tt were already presented in Refs. [8, 9] for calculating the total production rates of the tt pairs. To calculate the parity nonconservative asymmetry A in the tt system, additional renormalized amplitudes are needed. Let us denote the momenta of the initial and the final state particles as
The tree level amplitude can be written as
where
;ŝ is the invariant mass of the tt pair; g s and T c ij are the gauge coupling and the generator of the SU(3) c group, respectively. To calculate the parity nonconservative asymmetry induced by the SUSY QCD effects, we follow the method presented in Ref. [10] , in which the asymmetry was calculated numerically using the helicity amplitude method. To obtain the renormalized scattering amplitudes, we adopt the dimensional regularization scheme to regulate the ultraviolet divergences and the on-mass-shell renormalization scheme [11] to define the input parameters. The SUSY QCD corrections to the scattering amplitudes arise from the vertex diagram, the gluon self-energy and the box diagrams as well as the crossed-box diagrams. The renormalized amplitudes can be written as
Here,
The explicit expressions of the form factors
, and F CB(µ,µν) i are given in the Appendix. In terms of the above results, the renormalized amplitude up to the one loop level is give by
The effects of parity nonconservation can appear as an asymmetry in the invariant mass (M tt ) distributions as well as in the integrated cross sections (σ) for t L and t R productions.
The integrated asymmetry, after integrating over a range of M tt , is defined by
where σ R = σ RL + σ RR , σ L = σ LR + σ LL , and N R and N L are the numbers of right-handed and left-handed top quarks which decay semileptonically in the lepton-plus-jets modes of the tt pairs.
Numerical results and conclusion
In this section, we give our numerical results for a 176 GeV top quark [12] . To avoid numerical instabilities and to take into account that the decay products of the produced top quarks at large scattering angles are better distinguishable from the background, we impose a cut on the transverse momentum (p T ) and the rapidity (y) of the top quark and anti-quark: p T > 20 GeV, and |y| < 2.5.
We note that the parity nonconservative asymmetry A would be independent of the parton distributions functions (PDF) if there were no kinematic cuts imposed in the calculation. Therefore, A should not be sensitive to the choice of the PDF. In this paper, we use the MRSA ′ PDF [13] and evaluate both the strong coupling α s and the PDF at the scale
As discussed in the previous section, the relevant SUSY parameters to our study are mt 1 ,
, mq L,R , and mg. To simplify our discussion, we assume mq L,R = mb R = mt L , so that there are only four SUSY parameters to be considered. Nevertheless, our conclusion about the parity violating asymmetry should not strongly depend on the above assumption when the mixings between the light left-and right-squarks (including sbottoms) can be neglected.
The mSUGRA models predict radiative breaking of the electroweak gauge symmetry induced by the large top quark mass. Consequently, it is possible to have large splitting in the masses of the left-stop and the right-stop, while the masses of all the other (left-or right-) squarks are about the same [15] . For the MSSM models with scenarios motivated by current data [4] , a lightt 1 is likely to be the right-stop (t R ), with a mass at the order of m W , and the other light squarks are heavier thant 1 . Since heavy superparticles decouple in loop contributions, we expect that a lightert 1 would induce a larger asymmetry, which is indeed the case as shown in Table 1 . Because the parity-violating effect from the SUSY QCD interactions arise from the mass difference betweent 1 andt 2 , it is obviously from Eq. (1) that the largest parity nonconservative effect occurs when θt equals to ±π/2.
When θt = ±π/4, the parity asymmetry should be zero. This is evident from the results shown in the Appendix, which indicates that the amplitudes that contribute to A are all proportional to Z i = ∓ cos(2θt).
In either of the mSUGRA or the MSSM models, the gluinos are usually as heavy as the light squarks, of a few hundred GeV. However, it was argued by Farrar [16] that a very light gluino is still a possibility of the SUSY model. If gluino is light, then a heavy top quark can decay into a stop and a light gluino for mt 1 < (m t − mg) such that the branching ratio of t → bW + would be largely different from that (∼ 100%) predicted by the SM. The CDF collaboration measured the branching ratio of t → bW + to be 0.87 + +0.13
−0.11 [17] . It implies that at the 1σ level, a 50 (90) GeVt 1 requires the mass of the gluino to be larger than about 120 (80) GeV for θt = ±π/2. However, at the 2σ level (i.e. 95% confidence level), there is no useful limit on the mass of the gluino. To represent different classes of SUSY models in which the parity-violating asymmetry induced by the SUSY QCD interactions can be large, we show in Table 1 four representative sets of models. They are labeled by the set of parameters (mt 1 , mt 2 , θt), which are equal 1 Using the CTEQ4M PDF [14] gives a similar result. 2 A recent analysis on the possible experimental signature for a light gluino from top quark decay can be found in Ref. [18] . (2), one can also label these models by (mt L , mt R , m LR ), which are (1000, 90, 1100), (1000, 118, 1100), (500, 40, 520) and (500, 88, 520), respectively, for β = π/4. It is interesting to note that for all the models listed in Table 1 , the asymmetry A is negative (i.e. σ R < σ L ) for mg < 200 GeV, and its magnitude can be as large as 3% for models with lightt 1 . The maximal |A| occurs when mg is about equal to (m t − mt 1 ) because of the mass threshold enhancement. For mg > 200 GeV, the asymmetry A becomes positive with its magnitude around a couple of percents, and monotonically decreases as mg increases. Comparing these results with those induced by the SUSY EW and SUSY Yukawa corrections [1] , it is clear that the SUSY QCD interactions can generate a relatively larger parity-violating asymmetry. As a function of the tt invariant mass M tt , the differential asymmetry A(M tt ) also exhibits as interesting behaviour. This is illustrated in Table 2 for the first SUSY model specified in Table 1 . As shown, |A(M tt )| increases as M tt increases for mg < 200 GeV, which is similar to the effects from the SUSY EW and SUSY Yukawa contributions [1] .
When M tt is larger than 500 GeV, |A(M tt )| can become very large at the expense of the signal event rate. For the model with mg equal to 200 GeV, A(M tt ) is positive for M tt less than ∼ 500 GeV, and reaches its maximal value when M tt is about twice of the gluino mass. This is again due to the mass threshold enhancement. We note that our conclusion for the magnitude of the parity-violating asymmetry is different from that given in the Ref. [19] , in which the box (and crossed-box) diagram contributions were not included and some of the formula (Eq. (8) and the form factor A in the Appendix) for calculating the vertex diagram contributions appears to be misprinted. From our calculation, we find that the box diagram contributions are in general small as compared to the vertex diagram contributions, and are sizable only for heavy gluino (mg > 200 GeV). Therefore, they do not constitute the main difference between the two calculations discussed above. We furthermore compare our results with those in the literature for predicting the SUSY QCD radiative correction to the production rate of→ tt at the Tevatron. After correcting the relative sign between the box and crossed-box terms and the apparent misprints in the form factors F DB 12,13 and F CB 12,13 in Ref. [20] , 3 our results agree with theirs. However, our numerical results of the tt production rate do not agree with those given in the Ref. [19] . For completeness, we show in Table 3 the SUSY QCD corrections ∆σ to the→ tt production rates at the Tevatron with √ s = 2 TeV as a function of mg, for the first SUSY model specified in Table 1 . The tree level rate of the above process, after imposing the kinematic cuts given in Eq. (15), is 4.0 pb for a 176 GeV top quark, and the SM QCD correction is to increase the rate by about 60% [21] , while the Table 3 : The SUSY QCD corrections (∆σ) to the→ tt production rates at the Tevatron with √ s = 2 TeV as a function of mg, for the first SUSY model specified in Table 1 . SM EW correction is less than a percent [22] . At the upgraded Tevatron, it is expected to measure the cross section of tt pair production to about 10% [7] , therefore, we conclude that it is unlikely to detect the difference in rates due to the SUSY QCD contributions alone unless gluino is very light (of the order of GeV). Nevertheless, the parity nonconservative effect induced by the SUSY interactions could be observable with a large integrated luminosity (≥ 2 fb −1 ) at the Tevatron.
Up to now, we have only considered the one loop SUSY QCD effects to the parity nonconservative asymmetry A in the tt pair productions. Amusingly, the parity-violating asymmetry induced by the SUSY QCD interactions can also occur at the Born level. If gluino is very light, of the order of GeV, this asymmetry can be generated by the tree level processgg → tt. Unfortunately, at the Tevatron, its production rate is smaller than the gg → tt rate which is only about one tenth of the→ tt rate. Hence, it cannot be measured at the Tevatron. At the CERN Large Hadron Collider (LHC), the production rate ofgg → tt is large enough to allow the measurement of the parity-violating asymmetry induced by the SUSY QCD interactions. The asymmetry in the t L and t R productions generated by thegg fusion process alone can reach about 10% for M tt larger than about 500 GeV. We shall present its details and include the effect from the gg andfusion processes in a future publication [23] .
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